Intracellular accumulation of glycine betaine has been shown to confer an enhanced level of osmotic stress tolerance in Rhizobium melioti. In this study, we used a physiological approach to investigate the mechanism by which glycine betaine is accumulated in osmotically stressed R. meliloli. Results from growth experiments, 14C labeling of intermediates, and enzyme activity assays are presented. The results provide evidence for the pathway of biosynthesis and degradation of glycine betaine and the osmotic effects on this pathway. High osmolarity in the medium decreased the activities of the enzymes involved in the degradation of glycine betaine but not those of enzymes that lead to its biosynthesis from choline. Thus, the concentration of the osmoprotectant glycine betaine is increased in stressed cells. This report demonstrates the ability of the osmolarity of the growth medium to regulate the use of glycine betaine as a carbon and nitrogen source or as an osmoprotectant. The mechanisms of osmoregulation in R. meliloti and Escherichia coli are compared.
One mechanism which bacteria have evolved to cope with osmotic stress in the environment is the intracellular accumulation of certain small organic compounds (12, 15) . These compounds function as osmoprotectants by restoring the optimal osmotic differential between the cell and the environment (12, 28) . Glycine betaine is an effective osmoprotectant in the enteric bacteria Escherichia coli, Salmonella typhimurium, and Klebsiella pneumoniae (9, 11) . Choline is also osmoprotective, but only because it is oxidized to glycine betaine (12) . In E. coli, glycine betaine cannot be used as a building block for cellular components; it functions only as an osmoprotectant (17) .
Glycine betaine is also an effective osmoprotectant in Rhizobium meliloti, the root nodule symbiont of alfalfa. It has been shown to protect the growth of the free-living bacterium (1, 10) and to enhance symbiotic N2 fixation of nodulated alfalfa seedlings under osmotic stress (18) . Fur- thermore, it was demonstrated in a 14C-labeling experiment that glycine betaine accumulates in the cytosol of R. meliloti cells when cultures are grown at inhibitory osmolarity (1) .
While R. meliloti accumulates glycine betaine at high osmolarity, this species catabolizes glycine betaine at low osmolarity, salvaging both carbon and nitrogen (1) . It has been shown that both choline (7) and glycine betaine (1, 7) can support growth of R. meliloti in media of low osmolarity. Moreover, in a preliminary radiotracer experiment, Bernard et al. (1) detected 14C-labeled dimethylglycine, monomethylglycine, glycine, and serine from cultures of R. meliloti incubated with [1,2,-'4C]glycine betaine. However, they did not detect labeled trimethylamine, dimethylamine, or monomethylamine, suggesting that R. meliloti degrades glycine betaine by demethylation to glycine, which is in turn converted to serine. Although they did not demonstrate that choline is the precursor of glycine betaine, this possibility is implied by the fact that choline is osmoprotective in R. meliloti (1) . Furthermore, the ability to degrade choline is widespread among aerobic bacteria (7, 22, 26) and higher organisms (3, 4) and generally proceeds by oxidation to glycine betaine, followed by demethylation.
In view of the dual role of glycine betaine in R. meliloti, the mechanism of betaine accumulation in this agronomically important organism may be quite different from that in E. coli. However, the mechanism of osmoregulation could not be examined without first determining the pathway of betaine metabolism. Therefore, in this report we present radiotracer, enzymological, and microbiological data concerned with the pathway of glycine betaine metabolism in R. meliloti. This information was used to demonstrate that the osmotic strength of the medium regulates the levels of enzymatic activities responsible for glycine betaine synthesis and degradation in a way that allows glycine betaine to accumulate when cells are stressed.
MATERIALS AND METHODS
Materials. [methyl-14C]choline (52 mCi/mmol) and [1,2- 14C]choline (45 mCi/mmol) were from New England Nuclear Corp. [methyl-14C]glycine betaine and [1,2-14C]glycine betaine were prepared enzymatically from choline with the corresponding 14C label by using choline oxidase from Alcaligenes sp. (Sigma Chemical Co.) (6, 17) . L-Homocysteine was prepared from thiolactone hydrochloride (Sigma) as previously described (4) . All other materials were reagent grade or the best grade available.
Bacterial strains and media. R. meliloti 102F34 was kindly provided by R. C. Valentine. The strain was maintained on solid MSY medium (mannitol-salts-yeast extract [16] ). S medium was identical to MSY medium in mineral content but was carbon and nitrogen free. MCAA medium contained 0.1% sodium malate and 0.1% Casamino Acids (technical) and had a mineral content identical to that of MSY medium.
Growth measurements. To determine the growth rate of R. meliloti with choline or its derivatives as the sole carbon and nitrogen source, the following procedure was used. Inocula were grown on MSY medium, washed once with S medium, and used to inoculate (3%) S medium containing choline or another carbon and nitrogen source. Growth was monitored at 420 nm with a Gilford 300-N spectrophotometer.
Fate of radioactive choline and glycine betaine. To deter- for either 10 min or 2 h, as indicated. The labeled compounds were extracted with 70% ethanol and separated by highvoltage paper electrophoresis followed by paper chromatography (1, 11) . These methods were also used to determine the rate of glycine betaine degradation in vivo. Culture conditions for enzyme assays. Bacterial cultures were routinely started in MSY medium and subcultured into MCAA medium, which was used to inoculate (5%) the final MCAA medium containing 7 mM choline or 0.5 M NaCl (or both) or other test compounds. MCAA medium was used in place of the LAS medium used previously (1) , since large amounts of cells needed for enzyme activity assays could be more conveniently grown and harvested (the growth rates in MCAA and MCAA plus 0.5 M NaCl are 2.5 and 6.0 h per generation, respectively). Both glycine betaine and choline were osmoprotective in this medium, and some experiments reported in Results were repeated with LAS medium with essentially the same results. Cells were grown aerobically at 30°C, and growth was determined by monitoring the optical density at 420 nm.
Samples were withdrawn from the cultures at a time (late log to early stationary phase) when maximum enzyme specific activities would result (determined by measuring the time courses of enzyme activity during growth of the culture). Samples were centrifuged at 5,000 x g, and the pellets were stored at -80°C. Freezing at this point did not affect the enzyme activities. At the time of assay, the pellets were thawed and washed once with S medium, plus NaCl if necessary, to bring the medium to the same osmotic strength as the growth medium. The samples were then suspended in 1/100 of the culture volume (except for routine serine dehydratase assays, in which pellets were suspended in 1/10 of the culture volume) with 0.1 M K2HPO4 (pH 7.6) and either treated with toluene or disrupted by passage through a French press. Preparation of cells for enzyme assays. To prepare cultures for routine determination of choline oxidase and serine dehydratase activities, the cell suspensions described above were treated with toluene. Toluene (0.5% [vol/vol]) was added to 0.1 to 1.0 ml of the cellular suspension, and the mixture was shaken for 10 min at 330 rpm, 30°C, to permeabilize the cells.
For measurement of the three dehydrogenase activities, toluene-treated cells could not be used because of interfering enzyme activities and because of the turbidity of the suspension. Therefore, the cells were disrupted by two passages through a French press at 8,500 lb/in2. The debris was removed by centrifugation at 12,000 x g for 20 min at 4°C. Both toluene-treated cells and cell extracts were kept on ice and used within 4 h, since we found that choline oxidase activity decreased significantly if older samples were used.
Enzyme assays. All enzyme assays were performed with saturating amounts of substrates, except where noted. Under the conditions given, all assays are linear with enzyme concentration and time. All activities are reported as nano- Landfald and Str0m (9) . With toluene-treated cells, approximately 0.8 mg of protein was used per assay, and measurements were made at 4-min intervals. With cell extracts, 1.5 to 2.0 mg of protein was used per assay and measurements were made at 10-min intervals.
[14C]betaine aldehyde was isolated by ion-exchange chromatography and quantitated by liquid scintillation counting (9) . For practical purposes, the concentration of [14C]choline in the assay mixture was 10 mM, which was less than saturating for this enzyme (Ki,m 5.5 mM).
Betaine aldehyde dehydrogenase (EC 1.2.1.8) activity was determined by measuring NADH production from betaine aldehyde and NAD+ spectrophotometrically at 340 nm. The reaction mixture contained 90 mM K2HPO4 (pH 7.6), 10 mM NAD+, 3 mM betaine aldehyde, and 0.1 to 0.2 mg of protein from a cell extract in a 1-ml final volume. Under these conditions, interfering activities in the crude extracts which oxidize NADH were not detected.
To measure glycine betaine transmethylase (EC 2.1.1.5) activity, production of [methyl-14C]methionine from [methyl-14C]glycine betaine and L-homocysteine was determined (3, 4) . A mixture of 40 mM K2HPO4 (pH 7.5), 7 mM L-homocysteine, 7 mM [methyl-14C]glycine betaine (51,000 cpm), and 2 to 4 mg of protein, final volume 0.5 ml, was incubated for 60 min. The resulting [methyl-14C]methionine was isolated by ion-exchange chromatography and quantitated by liquid scintillation counting (4) .
Dimethylglycine dehydrogenase (EC 1.5.99.2) and monomethylglycine dehydrogenase (EC 1.5.99.1) activities were determined by measuring dimethylglycine-and monomethylglycine-dependent reduction of 2,6-dichlorophenolindophenol (14) . The incubation mixture contained 10 mM K2HPO4 (pH 7.6), 0.04 mM 2,6-dichlorophenolindophenol, 0.8 mM KCN, 0.2% phenazine methosulfate, 0.070 to 0.17 mg of protein from a cell extract, and either 4 mM dimethylglycine or 20 mM monomethylglycine. Under these conditions, saturating amounts of dimethylglycine (Km, 0.13 mM) and nearly saturating amounts of monomethylglycine (Km, 6.1 mM) are used. Reduction of 2,6-dichlorophenolindophenol was measured spectrophotometrically at 600 nm.
Conversion of glycine to serine, performed by serine transhydroxymethylase (EC 2.1.2.1), was measured in the reverse direction as described by Schirch (20) , except that 67 mM serine was used. This procedure involved a coupled enzyme assay system in which NADPH production was measured spectrophotometrically at 340 nm: serine + tetrahydrofolate z± glycine + N5,Nl0-methylenetetrahydrofolate.
NADP+ + N5,N10-methylenetetrahydrofolate ;± NADPH + N5,Nl0-methenyltetrahydrofolate. After the first reaction was stopped, the latter reaction, catalyzed by N5,N10-methylenetetrahydrofolate dehydrogenase (EC 1.5.1.5), was initiated by addition of 10 [lI of cell extract from cultures grown with choline, since they were found to contain great amounts of this enzyme.
Deamination of serine to NH3 and pyruvic acid is catalyzed by L-serine dehydratase (EC 4.2.1.13). The enzyme activity assay procedure used was modified from that of Selim and Greenberg (21) . The reaction mixture contained 0.1 M borate buffer (pH 8. 2-mercaptoethanol, 0.05 mM pyridoxal 5-phosphate, 50 mM serine, and either toluene-treated cells or cell extract (final volume, 1 ml). The assay mixture minus the substrate was incubated with the enzyme for 3 min before the reaction was initiated by addition of serine. The reaction was stopped with 1 ml of 6.5% trichloroacetic acid. The amount of pyruvic acid formed was measured by a modified method (19) for determination of total hydrazones (5) at 1/10 of the volumes given. Under usual assay conditions, about 0.25 mg of protein from toluene-treated cells was incubated for 6 min in the reaction mixture. For crude cell extracts, about 1 mg of protein was used and measurements were made at 20-min intervals to correct for an initial lag period.
The protein concentrations of cell extracts and bacterial cultures were determined by the method of Lowry et al. (13) with bovine serum albumin as the standard.
Osmotic upshock. An osmotic upshock of a growing culture was performed to investigate the rate at which serine dehydratase activity decreases. Cultures were started on MSY medium, subcultured into MCAA medium. The latter was used to inoculate (5%) 300 ml of MCAA medium containing 7 mM choline. The culture was grown to late log phase (about 14 h), a 30-ml sample was harvested, after which 30 ml of a sterile 5 M NaCl solution was added to the culture. Another 30-ml sample was immediately harvested. Other 30-ml samples were periodically removed and centrifuged, and the pellets were stored at -80°C. After all samples were collected, they were thawed and washed once with S medium without or with 0.5 M NaCl, as needed for samples collected after upshock. Washing with S medium was necessary to achieve reproducible results with choline oxidase. Each sample was then suspended in phosphate buffer, treated with toluene, and assayed for both choline oxidase and serine dehydratase. RESULTS Growth of R. meliloti with choline and its derivatives. To determine the pathway of glycine betaine biosynthesis and degradation, we tested the ability of the suspected intermediates to act as sole carbon and nitrogen sources. Growth of R. meliloti was supported by choline and all suspected intermediates in the degradative pathway ( Table 1) . Absence of growth with 20 mM glycine was due to the toxicity of the amino acid in this organism (25) . The alternate pathway of choline degradation-progressive demethylation to dimethylethanolamine, monomethylethanolamine, and ethanolamine-seems unlikely because these compounds neither Proposed pathway of glycine betaine metabolism in R. meliloti 102F34. The enzymes that catalyze the reactions are the following: 1, choline oxidase; 2, betaine aldehyde dehydrogenase; 3, glycine betaine transmethylase; 4, dimethylglycine dehydrogenase; 5, monomethylglycine dehydrogenase; 6, serine transhydroxymethylase; 7, serine dehydratase. It is proposed that the specific activities of enzymes 3 through 7 are reduced when the organism is grown under inhibitory osmotic strength (dashed arrows). This method of osmotic control allows continued production and accumulation of the osmoprotectant glycine betaine (boxed).
supported nor inhibited growth on MCAA (data not shown). These results are consistent with the proposed pathway of glycine betaine metabolism given in Fig. 1 .
Fate of 14C-labeled choline and glycine betaine. To corroborate the results of growth experiments (Table 1) , we compiled data on the degradation of [1,2-"'C]glycine betaine and [1,2-"'C]choline. As expected, when degradation occurred, the proposed intermediates in the glycine betaine metabolic pathway were labeled, regardless of initial culture conditions (Table 2 ). In addition to identifying the intermediates in the pathway, two other points can be made from the data given in Table 2 . (i) Choline and glycine betaine were rapidly degraded only when cells were grown in low-osmolarity media. For example, after 10 min of incubation of "4C-labeled compounds with cells grown at low osmolarity with choline ( Table 2 , columns 1 and 2), about 70% of the label was completely metabolized (counts per minute at the origin, which represents "'C-labeled neutral compounds, such as carbohydrates and oligopeptides, or large cellular components). In contrast, when cultures were grown at high osmolarity, glycine betaine was accumulated. Only slight degradation was observed after 2 h. When cells were grown in both 0.5 M NaCl and choline (Table 2 , columns 5 and 6), a combined effect resulted. The labeled compounds were degraded during the 2 J. BACTERIOL. h of incubation, but at rates at least 20-to 30-fold lower than those observed with cells grown at low osmolarity. Hence, high osmolarity in the growth medium decreased rates of choline and glycine betaine degradation, but choline in the growth medium modulated the effect of salt.
(ii) In all of the media tested, a greater percentage of the 14C label appeared in the glycine betaine spot than in any other intermediate following it in the pathway. These results indicate that once choline is transported into a cell it can quickly be converted to glycine betaine and that glycine betaine transport itself is rapid. But once glycine betaine is present in a cell, its demethylation to dimethylglycine is extremely slow, regardless of the culture conditions. Thus, demethylation of glycine betaine may be a rate-limiting step in the pathway, a point that will be discussed below.
Enzyme activities in the glycine betaine metabolic pathway. Enzyme activity assays were used as another method of investigating the glycine betaine biosynthetic and degradative pathway. All enzymes tested displayed MichaelisMenten kinetics, except serine dehydratase, which gave concave-up curves in double-reciprocal plots (not shown). A complete kinetic analysis of glycine betaine transmethylase was not undertaken because of the low activity of the enzyme. Table 3 lists all of the enzymes on the proposed pathway. In the absence of choline, all of the activities were low. However, they increased from 6-fold to more than 250-fold when the culture was grown in MCAA supplemented with choline. The fact that addition of choline to the growth medium dramatically stimulated all of the activities provides strong evidence for the proposed pathway. However, it should be noted that glycine betaine transmethylase activity was about 2 orders of magnitude lower than the other activities. The activity measured (transfer of the methyl group to homocysteine to yield dimethylglycine and methionine) could not be increased by addition of Mg2+, ATP, EDTA, coenzyme B12, tetrahydrofolate, or S-adenosylhomocysteine, either independently or in various combinations. The possibility that the methyl group is oxidized directly to formaldehyde (23) is unlikely because no glycine betaine degradation was observed in the absence of homocysteine. Although optimum assay conditions for this enzyme may not have been achieved, low glycine betaine transmethylase activity is consistent with the labeling results given in Table 2 , in which the glycine betaine-to-dimethylglycine step appears to be rate limiting. To shed light on this possibility, we calculated the rate of glycine betaine demethylation in vivo in cells supplied with about 5 ,uM ["'C]glycine betaine. In cells grown in MCAA and MCAA-10 mM choline, the rates of glycine betaine degradation were 0.44 and 4.5 nmol/min per mg of protein, respectively. These specific activities are much higher than those from cell extracts, which might reflect instability of the enzyme or the presence of inhibitory reactions under the latter condition. Nevertheless, the rates observed in vivo were still quite low compared with the activities of all of the other enzymes given in Table 3 . Hence, it appears likely that this step is rate limiting.
Osmotic modulation of enzyme activities in the glycine betaine pathway. Once the pathway of glycine betaine synthesis and degradation was established, we were in a position to study the mechanism of osmotic control of this pathway. First we investigated the possibility that the specific activities of the enzymes in the pathway are modulated by NaCl added to the medium. When cultures were grown in NaCl, the specific activities of the two enzymes that catalyze glycine betaine production either remained constant (choline oxidase) or increased (betaine aldehyde dehydrogenase), while the enzyme activities involved in glycine betaine degradation decreased, compared with those from cultures grown at low osmnolarity (Table 3) . By the in vivo assay procedure, glycine betaine transmethylase activity (about 0.11 nmol/min per mg) from cells grown with 0.5 M NaCl also decreased and still remained rate limiting. High osmolarity in the growth medium modulated the pathway (Table 3) in a fashion consistent with the results from the labeling experiment (Table 2) . That is, it inhibited only the latter part of the pathway that leads to glycine betaine degradation.
Stimulation of choline oxidase and serine dehydratase activities by choline or its derivates added to the medium. To simplify the study of regulation of this pathway by choline and osmotic strength, we examined only choline oxidase and serine dehydratase of the seven enzymes in the pathway. These enzymes were chosen for the following reasons. (i) Choline oxidase leads to synthesis of glycine betaine and is not osmotically modulated, while serine dehydratase is the last step involved in glycine betaine degradation and is osmotically modulated. Thus, both parts of the pathway are represented.
(ii) Serine dehydratase shows one of the highest levels of osmotic inhibition of all of the enzymes given in Table 3 . (iii) The activities of these enzymes are readily determined from toluene-treated cells so that many experimental parameters can be rapidly determined. It should be noted that when cells were grown in choline the specific activities of both enzymes from toluene-treated cells were about two-fold higher than those from cell extracts. The increase in specific activity may reflect the fact that this system more closely resembles a whole cell and that interfering activities are less problematic, since the products of the reactions are free to diffuse out of the cell. The increases in specific activity were even higher in cells grown without choline (greater than 3-fold and 11-fold for choline oxidase and serine dehydratase, respectively), likely because the problem of interfering activities in cell extracts is aggravated under conditions in which the levels of the enzymes of interest are particularly low.
Using toluene-treated cells, we were able to examine more carefully the effect of choline on serine dehydratase and choline oxidase activities. When the dehydratase and oxidase activities were measured as a function of choline in the growth medium, markedly different behavior was observed (Fig. 2) . Choline oxidase activity increased as cultures were grown with increasing amounts of choline up to 20 mM, while the serine dehydratase activity reached a maximum when cultures were grown in 7 mM choline and then rapidly decreased as the choline concentration in the medium was increased further. Because choline had no allosteric effect on choline oxidase or serine dehydratase activity in activity assays in vitro (data not shown), it may function by inducing the enzymes at the gene level.
Other differences were observed in the behavior of choline oxidase and serine dehydratase from cultures grown in media supplemented with derivatives of choline (Table 4) . Choline oxidase activity increased 29-or almost 16-fold when the medium was supplemented with choline or dimethylethanolamine, respectively, but it increased only 3-or 4-fold when monomethylethanolamine or glycine betaine, respectively, was included in the medium. In contrast, serine dehydratase was activated equally well with either glycine betaine or choline but not by any other compound. Thus, the various derivatives regulated the two enzyme activities differently, indicating that different control mechanisms are involved.
Effect of NaCI in the growth medium on choline oxidase and serine dehydratase activities. To characterize the manner in which NaCl decreases serine dehydratase activity, enzyme activity was measured as a function of NaCl added to the medium. Serine dehydratase activity decreased steadily as NaCl in the medium was increased, while choline oxidase activity remained unchanged (Fig. 3) . The maximum decrease of dehydratase activity occurred at 0.5 M NaCl, the highest concentration tested. In contrast, 0.5 M NaCl or KCI added to the assay mixture in vitro did not change the serine dehydratase activity in either cell extracts or toluene-treated cells. Hence, salt regulates serine dehydratase activity but does not act directly on the enzyme by altering the protein structure.
Choline oxidase and serine dehydratase activities as a function of time. Because choline functions in both nutrition and osmoregulation, the inhibitory effect of high osmolarity on the glycine betaine pathway may be somewhat obscured by the stimulatory effect of choline. Thus, to demonstrate more clearly the effect of high osmotic strength of the medium, we measured choline oxidase and seine dehydratase activities Glycine   5  86  Serine  5  94  Dimethylethanolamine  79  68  Monomethylethanolamine  17  31  Ethanolamine  6  80  Trimethylamine oxide  6  66 a Cultures were grown in MCAA medium plus the indicated compound at 7 mM, except for glycine and trimethylamine oxide, which were at 2 and 10 mM, respectively. Toluene-treated cells from grown cultures were used for the enzyme assays. (Fig. 4) . When choline was present in the medium, both enzymes reached a maximum level at about 24 h. However, when the culture was grown in both choline and 0.5 M NaCl, the activities increased at a much later time because of the slower growth rate and longer lag time induced by the presence of salt. More importantly, choline oxidase activity increased before that of serine dehydratase. For example, the choline oxidase activity of a 29-h culture was about 60% of maximum, while the serine dehydratase activity in this culture was barely detectable. Furthermore, choline oxidase reached its maximum level at about 36 h, while serine dehydratase did not peak until 49 h. These results demonstrate that salt not only depressed the absolute value of serine dehydratase activity but also delayed the time at which maximum stimulation of activity was reached.
The rationale for this delay is that in the younger culture choline functions only as an osmoprotectant. After much of the malate has been consumed, choline is also used as a carbon source, and so the serine dehydratase activity increases as the culture ages. For most experiments presented here, we report maximum specific activities only. In this way, reproducibility from experiment to experiment is maximized and comparisons among various effectors added to the medium can be made fairly. Effect of high osmolarity in the medium on choline oxidase and serine dehydratase activities. To determine whether or not the decrease in serine dehydratase activity is specific to NaCl, other salts were added to the growth medium (Table  5 ). For all salts tested, choline oxidase activity remained fairly constant, while serine dehydratase activity was two-to four-fold lower than that from the control culture. This variable decrease suggests the possibility that specific ion effects are superimposed on the effects of high osmolarity in the medium. Nevertheless, the results provide evidence for osmotic regulation of serine dehydratase activity.
Osmotic upshock of R. meliloti. Although we found that NaCl does not decrease the serine dehydratase activity obtained from an in vitro assay, it was of interest to investigate this point further under in vivo conditions. That is, does NaCl added to the growth medium cause an immediate decrease in serine dehydratase activity or is the response slower? The former possibility suggests that NaCl causes a rapid biochemical event(s) that leads to a change on the surface of the protein, while the latter possibility suggests a more complex, possibly genetic, mechanism. To answer this question, choline oxidase and serine dehydratase activities were monitored as a function of time after osmotic upshock with 0.5 M NaCl. Immediately after upshock, choline oxidase activity decreased about 10% (Fig.   5 ). Ultimately, a 20% increase in choline oxidase activity was maintained after upshock. Serine dehydratase activity, however, steadily decreased and reached a minimum at 3 to 5 h after upshock. This slow response suggests a genetic mechanism, which is discussed below. DISCUSSION It is clear from the work presented above that R. meliloti has evolved a mechanism of osmoregulation that differs significantly from that in E. coli. We used a physiological approach in this study because very little is known about osmoregulation in R. meliloti. However, before the osmotic control of glycine betaine metabolism could be investigated, it was necessary to determine the pathway of betaine degradation. In this report, we present evidence from growth experiments, from activity assays of the enzymes in the pathway, and from '4C labeling of the proposed intermediates that is consistent with the scheme of glycine betaine metabolism given in Fig. 1 How high osmotic strength in the medium selectively enhances or inhibits the enzyme activities in this pathway is the subject of future experiments. However, a direct biochemical effect on the proteins (cf. reference 15) is unlikely because salt had no effect on enzyme activity assays in vitro and because osmotic upshock of a growing culture resulted in a slow loss of serine dehydratase activity.
E. coli also accumulates glycine betaine when osmotically stressed but by a dramatically different mechanism. Choline oxidase activity from E. coli is greatly increased during osmotic stress, while the oxidase activity in R. meliloti remains unchanged when cells are stressed. Choline alone causes only slight stimulation of activity in E. coli (9) but greatly stimulates this activity in R. meliloti. E. coli regulates glycine betaine biosynthesis by this alternative mechanism, presumably because choline is transported into cells and converted to glycine betaine only when the cells are osmotically stressed.
In contrast to E. coli, glycine betaine can function in R. meliloti as a carbon, nitrogen, and energy source, as well as an osmoprotectant. That glycine betaine functions in both nutrition and osmoprotection in R. meliloti has two consequences. (i) Environmental factors other than osmotic stress must regulate glycine betaine metabolism. For example, choline and some of its derivatives in the absence of salt stimulated the enzymes in the degradative pathway (Tables 3  and 4) . The mechanism by which these effectors act adds another layer of complexity because choline stimulated all of the enzymes in the pathway, while the derivatives stimulated either choline oxidase or serine dehydratase but not both.
(ii) Nutritional and osmotic environmental signals must be integrated in such a way that the cell can respond optimally for survival (i.e., adjust the rate of glycine betaine biosynthesis and degradation). Although the mechanism of integration is unknown, an example of this process is that high osmolarity in the medium modulates the stimulatory effect produced by choline alone (Table 3 ; Fig. 4 ). An in-depth study of glycine betaine metabolism should contribute to elucidation of the complex mechanism by which multiple control systems interact.
This report is concerned with only one aspect of adaptation to osmotic stress in R. meliloti: regulation of intracellular accumulation of glycine betaine. However, from teleological arguments a sophisticated array of osmoregulatory mechanisms should be expected. R. meliloti is symbiotically associated with alfalfa, a legume that originated in the Near East, where drought and high salinity play a key role in survival. Hence, other classes of osmoprotectants may be critical for osmotic stress tolerance. It is already known that certain strains of R. meliloti can respond to osmotic stress by accumulating K+ (29) , glutamate (2), and/or trehalose (L. T.
Smith and G. M. Smith, unpublished data). These responses are similar to those of E. coli and other bacteria (8, 15, 24) whose natural environments can be highly saline. Finally, the osmoregulatory mechanism of R. meliloti may also involve the symbiotic relationship with alfalfa. Since alfalfa itself accumulates choline and proline betaine when osmotically stressed (27) , it may be that these compounds are transported into root nodules to protect osmotically stressed bacteroids. We are investigating this possibility.
